An analytical method for the quantification of acrylic acid (AA), 1,3-propanediol (1,3-PD) and 3-hydroxypropionic acid (3-HP) in the bio-catalytic conversion process has been developed by gas chromatography. A simple liquid-liquid extraction (LLE) procedure was used in the sample preparation. Organic acid additives such as trifluoroacetic acid were used to improve the extraction efficiency in the LLE procedure. Under optimum analysis conditions, all analytes were satisfactorily separated with no interference. In standard calibration, all correlation coefficients (r 2 ) were better than or equal to 0.994. In culture media, the intra-batch precision (% relative standard deviation) and recovery (%) as the average value of the quality control samples were 2.3 and 102.4%, respectively. In addition, the inter-batch precision and recovery as the average value of the quality control samples were 5.0 and 104.0%, respectively. In phosphate buffer, the intra-batch precision and recovery as the average value of the quality control samples were 2.7 and 101.6%, respectively. In addition, the inter-batch precision and recovery as the average value of the quality control samples were 2.9 and 101.7%, respectively. The limit of detection (S/N ratio: 3) and limit of quantification (S/N ratio: 10) were 1.0 and 3.5 mg/mL, 3.0 and 10.0 mg/mL, and 9.0 and 30.0 mg/mL, respectively, for AA, 1,3-PD and 3-HP. Consequently, this method was demonstrated to be acceptable for the quantitative analysis of AA, 1,3-PD and 3-HP in culture media and phosphate buffer.
Introduction
Bio-catalytic conversion of organic acids is a promising technology for obtaining platform chemicals from renewable resources, because the use of petrochemical feedstock and greenhouse gas emissions could be restricted in the long-term perspective. Although it is sometimes necessary to require in-depth technology for the biological production of some organic acids, these approaches will create new markets and provide new opportunities for the chemical industry. In these respects, the biological production of organic acids is currently moving fast (1, 2) .
Among organic acids, 3-hydroxypropionic acid (3-HP) is ranked in an important place on the list of the US DOE (Department of Energy)'s platform chemicals among renewable biomass products (3) . Bifunctional molecules such as 3-HP contain two functional groups with different properties that make it a suitable precursor for synthesizing optically active compounds (4) . In addition, these compounds have been of interest in special view of their application as building-block chemicals in the polymer industry (5) . 3-HP can be employed as a precursor for several key compounds, such as 1,3-propanediol (1,3-PD), methyl acrylate, acrylamide, malonic acid, propiolactone and acrylonitrile (6 -12) . For these reasons, the global market of 3-HP has been estimated at 3.6 million tons per year (1, 2) . Therefore, it is important to achieve an adequate analytical method for the quantitative analysis of organic acids in the biocatalytic conversion processes. Many scientists have developed analytical methods up to now. Most of these are liquid chromatographic (LC) methods, because the sample medium is aqueous buffer solution (2, 7, 10 -15) . However, it is hard to get enough sensitivity and resolution because of a lack of chromophores and hydrophobic groups for an UV detection and adequate retention. Some papers have evaluated gas chromatographic (GC) methods (13, 16) . In these GC methods, ion-exchange and silylation procedures were employed for sample clean-up and derivatization of organic acids.
Recently, we needed to develop an analytical method for monitoring the bio-catalytic conversion process of acrylic acid (AA), 1,3-PD and 3-HP. In this process, AA is converted to 3-HP using Coenzyme A (CoA) in culture media or phosphate buffer. Furthermore, 3-HP is converted to 1,3-PD through other biological processes. The GC method was employed for the analysis of organic acids, including the simple liquid -liquid extraction (LLE) procedure.
In this study, we developed the analytical method for the biocatalytic conversion process by gas chromatography of AA, 3-HP and 1,3-PD. We also describe the results of method validation for the quantitative analysis of organic acids. In addition, the effect of organic acid as an additive is mentioned as enhancing the method of extraction yields in the LLE procedure.
Experimental
Chemicals and reagents AA, 3-HP and 1,3-PD were purchased from TCI (Portland, OR, USA). Trifluoroacetic acid and acetic acid as additives of the n-butanol layer were purchased from Aldrich (St Louis, MO, USA). All other reagents were also purchased from SigmaAldrich. All solvents used in this study were HPLC of grade and purchased from J.T. Baker (Phillipsburg, NJ, USA). Distilled and de-ionized water was used in this study (Milli-Q water purification system, Millipore, MA, USA).
Sample preparation
Culture media and phosphate buffer were employed as the media of the bio-catalytic conversion process using CoA. The culture media used was as follows: 100 mM 3-(N-morpholino)propanesulfonic acid (MOPS), 0. 4 . AA and 1,3-HP were extracted from the biological process through the LLE procedure. n-Butanol was used as the organic solvent in the LLE procedure. To compare the extraction yields in LLE, trifluoroacetic acid and acetic acid as the additives were, respectively, added to the culture media and phosphate buffer.
Standard solutions of AA, 1,3-PD and 3-HP were prepared in n-butanol to obtain the following concentrations: 0.1, 0.2, 0.3, 0.5 and 1.0% (w/w) containing 0.5% of dimethylformamide (DMF) as an internal standard. In addition, 0.5% solution of DMF as the sample extraction solvent was prepared in n-butanol. To evaluate the precision and recovery of the analytical method, control samples of AA, 1,3-PD and 3-HP were prepared with culture media and phosphate buffer to obtain the following concentrations: 0.1, 0.2, 0.3, 0.5 and 1.0% (w/w).
LLE was employed in the sample pretreatment procedure for the analysis of organic acids. AA, 1.3-PD and 1,3-HP from the media of biological process were extracted through the LLE procedure.
For standard calibration, each 1 mL of standard solution was added to 1 mL of blank culture media and phosphate buffer. Solutions were vigorously shaken for 10 min and centrifuged for 5 min at 5,000 rpm. Then, the supernatant layer was transferred to another vial after residual water was removed with anhydrous MgSO 4 . This sample solution was used in GC analysis. To analyze the sample solutions produced from the biological process, each 1 mL of culture media or phosphate buffer solution was added to 1 mL of sample extraction solvent. Furthermore, LLE procedures were performed in the same way with the pretreatment of standard solutions.
In order to compare the extraction yields of the LLE procedure, trifluoroacetic acid and acetic acid as the additives of LLE were added to n-butanol, ranging from 0 to 2.0%.
Chromatographic conditions
The gas chromatography consisted of an Agilent 6890 GC system with a flame ionization detector (FID) (Agilent Technologies Korea, Seoul, South Korea). Instrument control and data processes were performed by Chemstation Software (Agilent Technologies Korea). The capillary column used was an AT-1000 (0.53 mm I.D. Â15 mL, 1.2 mm df; Alltech, IL, USA).
The GC conditions used were as follows: carrier gas: He; injector: split/splitless injector; split ratio: 1/10; injector temperature: 2408C; column flow rate: 5 mL/min; FID detector temperature: 2408C; hydrogen flow rate: 40 mL/min; air flow rate: 400 mL/ min; make-up gas flow rate: 45 mL/min; oven temperature profile: 1008C for 1 min, 108C/min to 2408C; total run time: 15 min and injection volume: 1 mL.
Results
In Figure 1 , the effect of acid additives for the extraction yields of LLE are shown. The extraction yields of AA and 3-HP gradually increased in accordance with the increasing concentration of the acid additives. In particular, the extraction efficiency in the case of trifluoroacetic acid as an acid additive is better than that in the case of acetic acid. In addition, the extraction efficiency is optimum at a 1.0% concentration in the case of trifluoroacetic acid. However, the extraction yields gradually increase in accordance with the increasing concentration of acetic acid from 1.0 to 2.0%. Consequently, a 1.0% concentration of trifluoroacetic acid is the optimum condition for the extraction of AA and 3-HP in basic culture media and phosphate buffer. On the other hand, the effect of acid additives in the case of 1,3-PD was not shown for the extraction yields of LLE.
To obtain the optimum separation condition, we tried several thermal-gradient programs for the GC analysis of AA, 1,3-PD, 3-HP and DMF as an internal standard, and the best one was: 1008C for 1 min; 108C/min of column temperature gradient to 2408C. Typical GC chromatograms are represented in Figure 2 . AA, 1.3-PD, 3-HP and DMF were well separated and showed good peak shapes in the GC chromatograms. There were no interfering peaks present in the chromatograms corresponding to the retention time of each analyte.
Five calibration standards were employed over the range of 0. control samples were prepared with culture media and phosphate buffer and added to the same volume of n-butanol, including the internal standard, DMF. After LLE, each n-butanol layer was analyzed. The recovery was calculated by a comparison of the added concentration with the found concentration. The method precision was determined by the % relative standard deviation (% RSD) of the five intra-day and three inter-day assays at five concentration levels. The precision and recovery showed no significant deviation and were measured with acceptable values, as shown in Table I . In the culture media, the intra-batch precision (% RSD) and recovery (%) of the quality control samples ranged from 0.59 to 7.82% and from 93.3 to 140.0%, respectively. In addition, the inter-batch precision and recovery of the quality control samples ranged from 0.00 to 17.02% and from 94.0 to 130.0%, respectively. In the phosphate buffer, the intra-batch precision and recovery of the quality control samples ranged from 0.43 to 7.88% and from 93.3 to 120.0%, respectively. In addition, the inter-batch precision and recovery of the quality control samples ranged from 0.00 to 7.69% and from 93.3 to 130.0%, respectively.
The limit of detection (LOD, S/N ratio: 3) and limit of quantification (LOQ, S/N ratio: 10) were 1.0 and 3.5 mg/mL, 3.0 and 10.0 mg/mL and 9.0 and 30.0 mg/mL, respectively, for AA, 1,3-PD and 3-HP.
Discussion
In this study, we performed the separation of organic acids on a wide bore column. However, better efficiency and resolution would be obtained using a narrow bore column. The stationary phase of AT-1000 consisted of 100% acid-modified polyethyleneglycol. So, AT-1000 column has a very polar phase. In general, organic acids are polar compounds. Due to this reason, band broadening on non-polar and medium polar phases can occur. Therefore, polar stationary phases are suitable for the analysis of organic acids. In general, organic acids exist in their ionic forms in basic culture media and phosphate buffer solutions because they are ionizable compounds. For this reason, the extraction efficiencies in the presence of LLE are unsatisfactory. To overcome low extraction yield, acid additives such as trifluoroacetic acid and acetic acid were added to the culture media and phosphate buffer. Acid additives should aid in acidifying ionizable compounds, such as AA and 3-HP. Thus, extraction efficiency of organic acids is improved in the LLE procedure. Trifluoroacetic acid is stronger acid than acetic acid. So, extraction efficiency with trifluoroacetic acid was better than of acetic acid. The optimum conditions were obtained for the extraction of AA and 3-HP in basic culture media and phosphate buffer. In addition, the data of precision and recovery for the developed method were acquired. From these results, we have made sure that the method is feasible for the quantitative analysis of organic acids in the bio-catalytic conversion process. In this study, organic acids in culture media and phosphate buffer were analyzed by the LLE method without modification of chemical structure.
Other possible method is a derivatization of organic acids after sample clean-up using solid-phase extraction. Schiller and coworkers have employed solid-phase extraction and derivatization of organic acids for the determination of organic acids in herbal dry extracts (13) . N, O-Bis-(trimethylsilyl)trifluoroacetamide as silylation reagent of organic acids was used for GC-MS analysis, obtaining good linearity, high recovery rate and suitable repeatability. In addition, Liu and coworkers have developed a solidphase extraction for the detection of organic acids by GC-MS using a strong anion exchange column (16) . N-methyltrimethylsilyltrifluoroacetamide was used as derivatizing reagent. Extraction efficiencies of 25 organic acids were found from 90 to 100%.
Conclusion
We have developed a GC method for the determination of the quantity of AA, 1,3-PD and 3-HP in the culture media and phosphate buffer, including the LLE procedure for sample preparation. To improve the extraction efficiency, organic acid additives such as trifluoroacetic acid were employed in the LLE procedure. This method showed good specificity and linearity. In addition, it was found to be reproducible and repeatable through intra-batch and inter-batch assays. Therefore, the proposed method may help with the quantitative analysis of AA, 1,3-PD and 3-HP in basic aqueous solution such as the culture media and phosphate buffer.
